We report the first experimental determination of the hyperfine quenching rate of the 6s 2 1 S0 (F = 1/2) − 6s6p 3 P0 (F = 1/2) transition in 171 Yb with nuclear spin I = 1/2. This rate determines the natural linewidth and the Rabi frequency of the clock transition of a Yb optical frequency standard. Our technique involves spectrally resolved fluorescence decay measurements of the lowest lying 3 P0,1 levels of neutral Yb atoms embedded in a solid Ne matrix. The solid Ne provides a simple way to trap a large number of atoms as well as an efficient mechanism for populating 3 P0. The decay rates in solid Ne are modified by medium effects including the index-of-refraction dependence. We find the 3 P0 hyperfine quenching rate to be (4.42 ± 0.35) × 10 −2 s −1 for free 171 Yb, which agrees with recent ab initio calculations.
P 0,2 levels of divalent atoms.
The earliest studies of the HFQ effect focused on the spectra originating from nebulae [2] . More recently, the isotopic dependence of these astronomical spectra have been used to infer HFQ rates [3] and, conversely, isotope ratios that result from stellar nucleosynthesis [4] . In the laboratory, the 1s2p 3 P 0,2 levels in He-like ions were the first to be measured and are the most thoroughly studied [5] . The HFQ rates of a handful of many-electron ions have also been measured [5] [6] [7] [8] . However, the rate has never been measured in any neutral atoms due to difficulties involved in populating the relevant levels and subsequently observing their slow decay.
In neutral atoms, efforts have been made in modern ab initio calculations of the HFQ rate [9, 10] , motivated by the promising application of neutral divalent atoms to optical clocks [11] , quantum computing [12] , and quantum simulation of many-body systems [13] . In the case of optical clocks, the HFQ rate determines the natural linewidth and the Rabi frequency of the "clock transition" ns 2 1 S 0 − nsnp 3 P 0 in fermionic isotopes. The HFQ rate calculations require accurate knowledge of the atomic structure of the many-electron atoms. For 6s 2 1 S 0 (F = 1/2)−6s6p 3 P 0 (F = 1/2) in 171 Yb with nuclear spin I = 1/2, the HFQ rate (A HFQ ) involves the matrix element of the electric-dipole operator (D) between intermediate levels (γ) and the ground level 6s 2 1 S 0 , as well as the hyperfine interaction (H HFI ) matrix element between these levels (γ) and 6s6p
where E(γ) are the energies of atomic levels relative to the ground level [9] . Among the intermediate levels, the HFQ of 6s6p 3 P 0 is predominantly caused by the admixture of the lowest lying 6s6p 3 P 1 and 6s6p 1 P 1 [9] , from which the transitions to the ground level are both E1 allowed. Our measurement, therefore, serves as a sensitive benchmark for these calculations.
We employ a novel technique of probing atoms embedded in solid Ne to extract the HFQ rate A HFQ (
Yb. Interrogating atoms trapped in a solid offers both high atomic density and long observation time. In addition, while matrix isolated Yb atoms qualitatively resemble free atoms, they exhibit an enhanced inter-system crossing 5d6s S 0 −6s6p 1 P 1 transition and subsequent spontaneous decay ( Fig. 1) [14] . We choose solid Ne as the matrix because it is less polarizable than heavier noble gas solids and more technically accessible than solid He. While He only solidifies under at least 25 bar pressure, Ne readily forms a solid with face-centered-cubic crystal structure at 24.5 K and 1 bar [15] .
The main challenge of performing this measurement is to properly account for various medium effects. First, the medium may open additional radiative or non-radiative decay channels on an excited atom. Second, the medium may alter the HFQ rate of a free atom by modifying the atomic wavefunctions and shifting the energies in Eq. (1). Third, Fermi's golden rule dictates that the spontaneous emission rate of a transition depends cubically on the transition frequency that may be shifted in medium. Finally, the spontaneous emission rate also depends on the environment of the emitter. Such a phenomenon, known as the Purcell effect, is one of the hallmarks of quantum electrodynamics (QED). In cavity QED, the decay rate is modified by the geometry of the surrounding vacuum environment [16] [17] [18] [19] . Within a medium, however, the decay rate depends on the index of refraction because it modifies both the photon dispersion relation and the energy fluctuation of the QED vacuum. Although the index-ofrefraction effect has been known for some time, there is still considerable tension in its understanding [20, 21] .
We address these effects as follows. First, we measure the 6s6p 3 P 0 decay rate for isotopically pure 171 Yb and 172 Yb (I = 0) in solid Ne (Fig. 2) . The difference between these two rates separates the HFQ contribution from any medium quenching mechanisms that are independent of isotopes. Second, the Yb transition frequencies in solid Ne are used to calculate the energy and frequency dependent corrections. Third, we measure the decay rate of Yb [22] to provide a direct calibration of the index-of-refraction effect. After making these corrections, we then obtain the HFQ rate of a free atom.
The samples are prepared with a similar setup we used previously [14] . Before the deposition on the liquidHe cooled sapphire substrate, Ne gas (99.999 %) flows through a noble gas purifier (LDetek LDP1000) and a 77 K charcoal trap in order to minimize the growth defects and increase the sample transparency. We co-deposit Yb using an atomic beam generated by an effusive oven. To avoid the formation of Yb clusters, we keep the Yb-toNe ratio below 5 ppm and the temperature below 5 K to suppress the mobility of the atoms. We use a 385 nm light-emitting diode (LED) to excite the [23] and subsequently populate 3 P 0 . The fluorescence is detected by a 1.5 nm resolution optical spectrometer (Ocean Optics USB4000-UV-VIS). Fig. 3(a) P0 (blue open circles), and the difference of the decay rates between the two isotopes (purple solid triangles) at select wavelengths. The error bars are about the size of the markers.
is shown in Fig. 2 . At each wavelength, the decay rate of each isotope is obtained by fitting the data to an exponential function and is plotted in Fig. 3(b) . The uncertainty about the size of the markers is determined from the fitting error and the sample variance based on three 171 Yb and two 172 Yb samples with different Yb densities and optical transparencies. The strong wavelength dependence of the decay rates is in part due to the frequency cube dependence. The remainder is likely caused by the interaction with phonons of different energies. The sum of multiple exponential functions, which describes multiple types of trapping sites in solid Ne, gives a better fit at some wavelengths, but the weighted average of the multiple rates is not significantly different from the rate of the single exponential fit.
The decay rate of 172 Yb 3 P 0 near 565 nm is approximately 2 × 10 −2 s −1 . Since its single-photon decay in vacuum is strictly forbidden, this rate reflects the overall medium quenching of an excited atom. One possible quenching mechanism may be that the atomic wavefunctions are perturbed by the crystal field in solid Ne. To model this perturbation, we assume that this field is randomly oriented and has a constant strength. Eleven low-lying levels are included, between which the reduced matrix elements of the electric-dipole operator have been calculated [24] . We sum over M J states and the orientation of the field, leading to a Stark-like coupling between levels. In order to account for the observed decay rate, it requires a 20 MV/m crystal field so that the perturbed . Such a crystal field strength is not unexpected in solid Ne [15] .
For the 171 Yb 3 P 0 decay, since the nuclear spins are unpolarized and the crystal field is randomly oriented, the effects of the medium quenching and the HFQ add incoherently. We plot the difference of the decay rates between the two isotopes in Fig. 3(b) (solid triangles). As expected, this differential rate is mostly independent of the wavelength and represents the HFQ contribution. We take the average of the rates weighted by the emission intensity and find the HFQ rate of 171 Yb 3 P 0 in solid Ne to be (6.72 ± 0.28) × 10 −2 s −1 . The uncertainty is conservatively chosen to be half of the full range.
We first examine the medium's influence on the HFQ mechanism described in Eq. (1) . From the crystal field strength estimation, we are assured that the atomic wavefunctions are essentially intact. However, the medium alters the energy differences in the denominators. The HFQ of 3 P 0 is predominantly caused by the admixture of the lowest lying 3 P 1 and 1 P 1 [9] . In solid Ne, we take E( −1 in the emission mode [14, 23] . 
is changed by 0.971, and the rate enhanced by 1.061. Assuming a uniform probability distribution of the relative contribution from 3 P 1 and 1 P 1 , we take the mid-point as the mean and 1/ √ 12 of the full range as the uncertainty [25] and obtain an enhancement factor of 1.183 ± 0.071.
We then consider the medium's influence on the spontaneous emission rate (A) of a transition,
where ω is the transition frequency, the subscript m (v) refers to medium (vacuum), and the scale factor G is a function of the index of refraction (n). To extract A HFQ,v (
and ω v (
to calculate the frequency dependent correction. The uncertainty is due to the spectrometer calibration and the sample variance.
We determine G Ne by measuring the 6 s −1 [22] . Compared to this rate, the medium quenching rate (∼ 2×10 −2 s −1 ) is negligible, which allows us to use the measured total decay rate for A Ne ( tion by a 543 nm diode pumped solid state laser (Opto Engine MGL-III-543). The fluorescence light is coupled into a monochromator (McPherson 225) and detected by a photomultiplier tube counting module (Sens-Tech P10PC-2) mounted at the exit of the monochromator. A dead time correction is applied for the counting rate. Fig. 4(a) shows the steady-state emission spectrum of 3 P 1 in solid Ne with 1 nm resolution.
We chop the laser at 50 kHz with 50 % duty cycle using an acousto-optic modulator and record the decay at select wavelengths with 50 ns resolution. The decay rate at each wavelength is plotted in Fig. 4(b) . The average of the rates weighted by the emission intensity is A Ne (
−1 , we obtain the transitionindependent G Ne = 1.194 ± 0.036. Again using Eq. (2) for the 3 P 0 decay, we arrive at A HFQ,v (
Yb. All the corrections we have made are summarized in Table I .
We compare this result to two available calculations: 6.2 × 10 −2 s −1 (no uncertainty provided) [26] and 4.35 × 10 −2 s −1 (a few percent uncertainty) [9] . Authors of reference [26] have used experimentally measured hyperfine parameters in their calculation and have included only two intermediate levels in Eq. (1). Authors of reference [9] have computed the sum with multiple intermediate levels and have independently calculated the hyperfine constants with better than 1 % accuracy as a verification of the quality of their technique. Our measurement is in good agreement with reference [9] .
We are also able to compare our experimentally determined G Ne to theoretical predictions. One theory supported by recent experiments for E1 transitions [27, 28] is the real cavity (RC) model [29] . It treats the emitter as residing in an empty spherical cavity carved out of a lossless, homogeneous, and isotropic medium with permittivity = n 2 0 . The macroscopic field in the dielectric is canonically quantized. The model predicts the following scaling with n,
The factor n 3 comes from the in-medium photon disper- (2) 0.932 0.5 % Total 0.508 7.9 % sion relation. The macroscopic field operatorÊ mac is renormalized by 1/n due to the in-medium energy density Ê 2 mac /2. The ratio of the local field inside the cavity E loc to the macroscopic field far outside the cavity E mac is found to be (E loc /E mac ) RC = 3 /(2 + 0 ) using the boundary conditions on the sphere.
Given the growth conditions of our solid Ne samples and both the wavelength-and the temperature-dependence of the index of refraction, we take n Ne = 1.10±0.01 [30] [31] [32] . Therefore, the RC model gives G RC Ne = 1.239 ± 0.024. This is in good agreement with our experimentally determined value G Ne = 1.194 ± 0.036. The predicted 3 P 1 rate in solid Ne using the RC model and the frequency cube dependence is also indicated in Fig. 4(b) (solid square).
In heavier noble gas solids, we find that the Yb transitions suffer from exacerbated medium effects. In solid Ar, they manifest in a stronger wavelength dependence of the 3 P 1 decay rate. Our measurements show ω Ar (
, and thus G Ar = 1.62 ± 0.17. The larger uncertainty makes solid Ar a less attractive medium for transitionrate measurements. Nevertheless, this result still agrees with the RC model prediction G RC Ar = 1.69 ± 0.05 with n Ar = 1.28±0.02 [32, 33] . In solid Xe, the Yb 3 P 0 lifetime is shorter than 50 µs due to a much stronger crystal field. Therefore, the HFQ measurement becomes impossible.
In conclusion, we have measured the HFQ rate of the
Yb based on the matrix isolation technique using solid Ne and spectrally resolved fluorescence decay measurements. We have accounted for medium effects using measurements of both the 172 Yb 3 P 0 decay and the Yb 3 P 1 decay in solid Ne. The average 3 P 1 decay rate across the emission peak in solid Ne agrees with the RC model prediction. In order to carry out a more precise study on the index-ofrefraction effect, one needs to consider the phonon interaction to better understand the wavelength dependence.
Finally, the most suitable naturally abundant candidates for the study of the HFQ effect using this technique are 25 Hg. For each of these candidates, a naturally abundant nuclear spin-0 isotope is available, and the transition from the ground level to the lowest lying 1 P 1 is optically accessible. Lighter atoms are more tightly bound which likely means that the medium induced corrections are smaller but the efficiency of populating 3 P 0 is worse. On the other hand, lighter atoms also have higher 1 P 1 levels which may provide an alternative and more efficient path for the 
